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Abstract. As a means to improve resource efficiency, green ceramic components 
were tested non-destructively at an early production stage. Moisture nests that may 
lead to failure in the ceramic burning process were detected by a microwave 
moisture sensor working in the 0.6 to 1.2 GHz regime. The sensor was developed 
and optimized for robot-actuated measurement in narrow areas of ceramic 
components. It was calibrated with good sensitivity in the range of 0 to 3% moisture 
level. Active thermography was applied for detection of open and hidden cracks. A 
moving heat source launches heat flows parallel to the component surface, which 
can interact with defects. Simulations show the formation of characteristic contrasts. 
This was verified experimentally using convective heating by an air gun with 
relative speed of 1-5 cm/s to the surface. Special green ceramic test bodies and green 
ceramic components from production were tested. It was possible to detect open 
perpendicular cracks and inclined open and hidden cracks. An automated testing 
system for sanitary components (WCs) was demonstrated under conditions close to 
the production line. 

1. Introduction  

Ceramics industry is among the industrial sectors with high consumption of resources. The 
market is demanding ambitious products that often are not easy to produce. Up to now, it 
was sometimes not possible to detect all moisture accumulations and hidden defects in 
green ceramics from preceding production steps. The product is then unnecessarily running 
through the energy-consuming firing process until the defects become visible at a late stage. 
Then, costly disposal of waste is necessary, as only a small part of the material can be fed 
back into production. In the framework of a joint research project of a ceramics 
manufacturer with other partners it was the goal to achieve significant savings of resources 
by early employing nondestructive testing techniques. There was previous knowledge on 
testing green ceramics [1,2]. 
 In certain areas of pre-dried ceramic green bodies (here: water closets, WCs) 
moisture accumulations may occur, that are prone to crack formation in the further process. 
Such moisture accumulations can be detected using a microwave moisture sensor based on 
time-domain reflectometry. The task was to miniaturize this sensor in a way that moisture 
accumulations would be detectable with sufficient sensitivity at unfavorably located 
positions of the component. Only components with too much moisture are additionally 
dried by a microwave drying technique. If there are no indications for moisture 
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accumulations, the green body is moved by a robot to the crack testing station. Crack 
testing comprises an automated visual inspection and thermographic testing for hidden 
cracks. 

2. Microwave Testing Technique for Detection of Moisture Nests 

Testing components for moisture nets and cracks in the green state was a central part of the 
project. It was realized by a sensor working in the microwave range from the project 
partner IMKO Micromodulmesstechnik GmbH. The moisture sensor has low power 
consumption and was further developed and miniaturized in order to be usable actuated by 
a robot in narrow regions of the sanitary ceramic components. The challenge was to find an 
optimum compromise between small sensor size on one hand and sufficient detection 
sensitivity for small moisture content on the other hand. 

The moisture sensor realized in the project is based on the principle of time-domain 
reflectometry in the reactive near-field of an antenna structure. The frequency range is 
about 600 MHz to 1.2 GHz. This range is favorable for moisture measurement, as the 
moisture level is closely correlated to the pulse time-of-flight and the disturbing influence 
of salts (ions) in the material is minimized. The uncertainties of an amplitude measurement 
do not apply. 

The moisture sensor was modified by downsizing of the measurement head 
(external diameter 6.2 cm) and other measures to have some advantages compared to the 
commercial standard model:  

  It is better adapted to small samples and narrow areas of the samples. It can also 
measure thinner layers of ceramic, as the smaller size also reduces its interaction 
depth.  The original gel cushion was replaced by foam plastic. This results in better 
adaptation to curved surfaces and to narrow sample areas as well as a reduction of 
the surface pressure  The mechanical stability of the internal conductor was improved. 

 
Fig. 1 shows the application of the sensor mounted on a robot adapter at the back-

side of a WC. For calibration of the sensor, measurements of the time-of-flight were 
performed on reference samples and recorded on a PC. From these data, calibration curves 
were generated (Fig. 2). It turned out, that up to a moisture level of about 2% a linear 
calibration curve has the lowest errors. For moistures up to about 3% the errors are less 
when using a second order polynomial fit. After programming the coefficients of the 
polynomial, the measurement device reports material moisture directly in percent. The 
investigations showed that the new variant of the moisture measurement device is able to 
measure low moisture levels between 0 and 3% with sufficient accuracy for the demands of 
green ceramic testing. 
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Fig. 1. Photo of a miniaturized microwave sensor used for moisture testing on a WC. 

 

 

Fig. 2. Moisture obtained by gravimetric analysis as a function of the time-of-flight determined by the 
moisture sensor. 

3. Investigations on Crack Detection by Laser Excitation and Convective Excitation 
by Hot Air 

In green ceramic components, cracking may occur that is invisible from outside. Usually 
these cracks are starting from the inner side of the component. They may end at the surface 
or in a short distance below the surface. As conventional liquid penetrant testing cannot be 
applied, the cracks are often detected at a late production stage after the firing process. 
Active thermography is a promising technique to detect such cracks already in the green 
state.  

3.1 Model Calculations for the Case of Dynamic Excitation 

In order to detect cracks that are oriented perpendicular to the material surface, an 
excitation is required that generates heat flow components in lateral direction. This can be 
achieved by a heating laser beam, which is moved over the surface of the test object 
(Fig. 3).  After light absorption close to the surface, the lateral heat flow components are 
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disturbed by a crack, which leads to formation of a characteristic temperature signal 
pattern. This signal can be recorded by an infrared camera and then be evaluated. In order 
to investigate the processes leading to temperature contrasts near to a crack, numerical 
modelling was performed. It was assumed that a surface heat source with finite aperture is 
scanned at a certain relative speed (flying spot) over the surface of the green ceramic body.   
 
 

 

Fig. 3. Scheme of laser excited flying-spot thermography. 

 
As an alternative to a laser, heating can also be achieved convectively by using a 

suitable beam of hot air. After some studies and comparisons, the latter method was 
selected to be used for testing of sanitary ceramic components. The cracks to be detected in 
green ceramics are usually larger in length than in metals. The thermal contrasts are 
evolving more slowly. Therefore, the hot air heating technique is sufficient. There are other 
advantages compared to laser excitation concerning handling and costs. Hot air heating can 
be realized more cost effective and the safety measures necessary for laser excitation can be 
avoided. Numerical calculations were performed using COMSOL multiphysics. Hot air 
heating with a relative speed of 10 mm/s was assumed. In the following examples, the hot 
air stream is moved over the test object from left to right. A first defect assumed was a 
surface breaking crack inclined to the ceramic surface, as shown in Fig. 4.    

Fig. 4 shows on the left side the temperature distribution in the cross-section of a 
thick test object at a point in time where there is not yet a thermal interaction with the 
crack, as the heat source is still far from the defect location. Blue color represents the initial 
temperature, red color areas have increased temperature. The asymmetric temperature field 
is only due to movement of the excitation source. On the right side of Fig. 4, the 
corresponding profile of the surface temperature is shown. In Fig. 5, calculated for a later 
time, there is a clear change in the temperature field, as the internal heat flows are 
interacting with the defect and cause a significant disturbance. A characteristic defect signal 
appears (marked), which allows one to identify the defect. 
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Fig. 4. Left: Model calculation of the temperature field (cross-section) at a time where the hot air beam is not 
yet interacting with the crack. Hot air was used for heating at a speed of v = 10 mm/s. Right: Temperature 

profile at the ceramic surface. 

  

Fig. 5. Model calculation of the temperature field at a time when the hot air beam is over the crack. Right: 
Temperature profile at the ceramic surface showing a characteristic defect indication (marked). 

 
Further model calculations were performed for the case of hidden cracks inclined to 

the surface. Fig. 6 shows the result of such a calculation. The temperature distribution at a 
time, where the excitation system has passed the defect is shown. In this case, there is also a 
pronounced temperature signal allowing one to detect this type of defect clearly. 
 

   

Fig. 6. Model calculation of the temperature field after the hot air beam has passed the crack. Right: 
Temperature profile at the ceramic surface with defect indication (marked). 

 
Calculations were also performed for the case of perpendicular open cracks. Fig. 7 

shows a calculation result for a perpendicular open crack after the excitation hot air beam 
has passed the defect. The relative speed was 10 mm/s. Again, a clear defect signal is 
obtained, allowing detection of the defect. 
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Fig. 7. Left: Temperature field at a surface crack perpendicular to the surface after the hot air beam has passed 
the crack. Right: Temperature profile defect indication (marked) at the ceramic surface. 

 
Furthermore, the case of hidden cracks perpendicular to the surface was 

investigated. In Fig. 8, a result from a defect with a material coverage of 0.2 mm is 
presented. The defect can be detected based on its characteristic pattern, but the signal is 
somewhat weaker compared to the defect types discussed previously. 
 

   

Fig. 8. Left: Temperature field at a hidden surface crack perpendicular to the surface after the hot air beam 
has passed the crack. Right: Temperature profile defect indication (marked) at the ceramic surface. 

3.2 Experimental Investigations Using a Moving Hot Air Source 

A thermal testing system was built up for experimental investigations on sanitary ceramic 
components. Major parts are an inspection box containing an infrared camera and a 
switchable hot air gun, a scanning system and a computer with software for controlling the 
system and for thermal image pre-processing. The principal arrangement is shown in Fig. 9. 
Either the inspection box is moved along the test object, or, as shown in Fig. 9, the test 
object is moved under the inspection box. 
 
 



7 

 

Fig. 9. Scheme of the testing system. 

 
The arrangement described was employed to inspect a green sanitary ceramic 

component. In the area of a visible surface crack, the test object was moved along the 
inspection box with a speed of about 50 mm/s. The measurement result is shown in Fig. 10. 
The thermographic image (Fig. 10, left) shows the temperature distribution at the sample 
surface, after the hot air beam has passed the defect. The crack signal is clearly visible by 
the lengthy positive temperature contrast, or in the surface temperature profile shown in 
Fig. 10, right. 
 

    

Fig. 10. Left: Thermographic image of a sanitary ceramic component showing a crack indication. Excitation 
with a relative speed of the hot air gun of about 50 mm/s. Right: Signal profile along the arrow with the defect 

indication (marked).  

 
3.3 Hidden Cracks 
 
Fig. 11 (left) shows a hollow green ceramic test body which was designed to be prone for 
crack formation. Cracks are usually starting from the interior of the test body and can be 
detected from outside, if they do not end too deep under the surface. The photograph in 
Fig. 11 (right) shows such cracks as they were observed by an endoscope through a hole in 
the test body. These cracks are not visible from outside. 
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Fig. 11. Left: Photo of a test body made of green ceramic. Right: Endoscopic photograph from the interior of 
the test body showing an internal crack. 

 
In Fig. 12, a thermographic image showing thermal contrast from such a crack is 

presented. The hidden crack is clearly revealed in the image. It has a coverage of a few 
tenths of a mm and is oriented nearly perpendicular to the surface. 
 

    

Fig. 12. Left: Experimental thermal image of the test body at a relative speed of the hot air gun of about 50 
mm/s. A hidden crack is detected. Right: Signal profile along the arrow with the defect indication (marked).  

 
Another hidden crack could be detected on a green ceramic component from 

production. The result is shown in Fig. 13. In this case the defect is a hidden crack that is 
probably inclined to the surface and starts more than one mm below the surface. 
 

    

Fig. 13. Left: Detection of a hidden, inclined crack at a relative speed of the hot air gun of about 50 mm/s. 
Right: Signal profile along the arrow with the defect indication (marked).  
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4. Testing System for Detection of Open and Hidden Cracks in Green Sanitary 
Components Using Convectively Excited Thermography 

A demonstrator for the production environment was built up. The thermographic testing 
system was designed to test the region around the so-called water-rim of the WC, an area 
which was prone to crack formation. A scheme of the set-up is shown in Fig. 14, the testing 
procedure is as follows. First, one of the two straight sections of the component is tested by 
moving the inspection box along the component using a linear actuator (Fig. 14 a). Then, 
the position of the testing box is fixed and the component is rotated in order to test the 
curved part. In a third step, the opposite straight side of the component is inspected. The 
testing results are stored automatically and are available for evaluation. 

Using this system, a WC can be inspected in the area of the water-rim within about 
one minute. This allows one to integrate this testing technique into industrial environment. 
Fig. 15 shows photos taken in a model testing unit during the first tests under production 
conditions.      
 
 

a)  

b)  

Fig. 14. Concept of the industrial testing system. a) Testing of the long sides. b) Testing of the curved side. 
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Fig. 15. Top left: Component delivery by a robot. Top right: Testing of the first long side. Bottom left: 
Testing of the radius area. Bottom right: Testing of the opposite long side. Heating system and infrared 

camera are located inside the grey box. 

5. Summary 

Two non-destructive techniques were used to improve resource efficiency in ceramic 
production by nondestructive detection of defects at an early stage. 

Non-destructive microwave testing technique based on time-domain reflectometry 
and robotic actuation allows detection of local moisture nests in the green ceramic state 
before the firing process. The technique works fast and can be applied in the production 
line. 

A thermal testing technique was realized which uses dynamic heating by a hot air 
gun moved over the test object. This technique allowed one to detect open and covered 
cracks under the surface of green ceramic materials. Also surface cracks with small width 
and depth were detectable. Hidden cracks were detectable as long as they were not too deep 
under the surface. Hidden cracks inclined to the surface can be detected in a depth of a mm 
or more. A demonstrator was built up showing that the technique is also applicable in the 
production line. It works contact-free and fast, allowing fully automated testing of green 
ceramic components. 
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